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6RODU VDLO SHULRGLF RUELWV LQ WKH (DUWK0RRQ FLUFXODU UHVWULFWHG WKUHHERG\ SUREOHP
DUHSURSRVHGIRUFRQWLQXRXVREVHUYDWLRQRIWKHSRODUUHJLRQVRIWKH(DUWKDQGWKH0RRQ




VLPSOLILHG 7KH UHVXOWV RI WKLV LQYHVWLJDWLRQ LQFOXGH D FRQVWHOODWLRQ RI WZR VRODU VDLO /
YHUWLFDO/\DSXQRYRUELWVWKDWDFKLHYHVFRQWLQXRXVREVHUYDWLRQRIERWKWKHOXQDU6RXWK3ROH
DQGWKHFHQWHURIWKH$LWNHQ%DVLQDWDPLQLPXPHOHYDWLRQRIGHJ$W(DUWKDVHWRIWZR
FORYHUVKDSHG RUELWV FDQ SURYLGH FRQWLQXRXV FRYHUDJH RI RQH RI WKH (DUWK¶V SROHV DW D









PLQLPXP HOHYDWLRQ RI  GHJ 5HVXOWV JHQHUDWHG LQ WKH (DUWK0RRQ FLUFXODU UHVWULFWHG
WKUHHERG\ PRGHO DUH HDVLO\ WUDQVLWLRQHG WR RQH WKDW LQFOXGHV HFFHQWULFLW\ HIIHFWV DQG
GHPRQVWUDWHVWKDWWKHRUELWVDUHIHDVLEOHLQUHDOLVWLFUHJLPHV
, ,QWURGXFWLRQ













RI WHUUHVWULDO KLJKODWLWXGHV ZLOO EH FUXFLDO IRU RQJRLQJ VWXGLHV RI JOREDO FOLPDWH FKDQJH DQG DOVR WR VXSSRUW
WHOHFRPPXQLFDWLRQVZHDWKHUIRUHFDVWLQJDQGVKLSQDYLJDWLRQIRUWKHH[SORUDWLRQDQGVXVWDLQDEOHGHYHORSPHQW
RIWKHVHUHJLRQV7KHQRUWKHUQSRODUUHJLRQLVRIVLJQLILFDQWLQWHUHVWDVLWLVSURMHFWHGWRKROGSHUFHQWRIWKH
(DUWK¶V XQGLVFRYHUHG JDV DQG  SHUFHQW RI WKH (DUWK¶V XQGLVFRYHUHG RLO >@ ,Q DGGLWLRQ ZLWK QRUWKHUQ VHD
URXWHVRSHQLQJXSIURPPHOWLQJLFHFDSVDQLQFUHDVHLQVKLSSLQJDFWLYLW\FDQEHH[SHFWHG)LQDOO\FRQWLQXRXV
REVHUYDWLRQ RI WKHKLJKODWLWXGHVRI WKH(DUWK LV DOVR LPSRUWDQW IRU VSDFH ZHDWKHU PRQLWRULQJ DQG IRUHFDVWLQJ
DFWLYLWLHV)RUH[DPSOHDFRQWLQXRXVYLHZRIWKHentire DXURUDRYDODOORZVREVHUYDWLRQVRIWKHGLUHFWUHVSRQVHRI
WKHPDJQHWRVSKHUHWRFKDQJHVLQWKHVRODUZLQGZKLFKLVFULWLFDOWRXQGHUVWDQGLQJWKHVRODUZLQGPDJQHWRVSKHUH
FRXSOLQJ 7KLV PRQLWRULQJ ZLOO DOVR HQDEOH WKH GHWHFWLRQ DQG LPDJLQJ RI UDUHO\ REVHUYHG SKHQRPHQD VXFK DV
WUDQVSRODUDUFVDQGFXVSVSRWV>@WRIXUWKHUWKHXQGHUVWDQGLQJRIWKHFDXVHVIRUDQGUHODWLRQVKLSVEHWZHHQWKHVH
SKHQRPHQD 5HJDUGLQJ WKH 0RRQ WKH SHUPDQHQWO\ VKDGRZHG FUDWHUV RQ WKH OXQDU 6RXWK 3ROH HVSHFLDOO\ WKH
6KDFNOHWRQ &UDWHU DUH RI VLJQLILFDQW VFLHQWLILF LQWHUHVW DQG FRXOG EH WKH IXWXUH GHVWLQDWLRQ RI D SHUPDQHQWO\
RFFXSLHG OXQDU EDVH HVSHFLDOO\ DV WKH OXQDU 6RXWK 3ROH H[KLELWV VRFDOOHG ³SHDNV RI HWHUQDO OLJKW´ SURYLGLQJ
 
QHDUSHUPDQHQW VXQOLJKW FRQGLWLRQV DQG WKHUHIRUH DFFHVV WR SRZHU %RWK REMHFWLYHV UHTXLUH FRQWLQXRXV
REVHUYDWLRQ FDSDELOLWLHVRI WKH OXQDU6RXWK3ROH DQG LQ FDVHRI D OXQDUEDVH DOVR FRQWLQXRXV FRPPXQLFDWLRQ
ZLWK(DUWK7KLV LQYHVWLJDWLRQHVWDEOLVKHV WKHVHFRQWLQXRXV OLQNVZLWKKLJKODWLWXGHUHJLRQV WKURXJK WKHXVHRI
VRODU VDLO SHULRGLF RUELWV LQ WKH (DUWK0RRQ WKUHHERG\ V\VWHP 7KHVH RUELWV DUH JHQHUDWHG E\ GLIIHUHQWLDO
FRUUHFWLRQ WHFKQLTXHV DQG E\ SHUWXUELQJ FODVVLFDO OLEUDWLRQ SRLQW RUELWV VXFK DV /\DSXQRY KDOR YHUWLFDO
/\DSXQRYDQGGLVWDQWUHWURJUDGHRUELWVZLWKDVRODUVDLOLQGXFHGDFFHOHUDWLRQ$VVXFKHQWLUHO\QHZIDPLOLHVRI
RUELWV SDUDPHWHUL]HG E\ WKH VDLO
V DFFHOHUDWLRQ DUH HVWDEOLVKHG LQ WKH (DUWK0RRQ V\VWHP > @ 'LIIHUHQW
W\SHVRIIDPLOLHVFDQEHFUHDWHGEDVHGRQWKHVWHHULQJODZDVVXPHGIRUWKHVRODUVDLO,QWKLVVWXG\DVLPSOHODZ




1RW RQO\ GRHV WKLV VWXG\ DGG DQ DGGLWLRQDO IDPLO\ RI VRODU VDLO RUELWV WR SUHYLRXV ZRUN > @ LW DOVR
LQFRUSRUDWHV WKH HIIHFWV RI KLJKHUILGHOLW\ G\QDPLFV RQ WKH H[LVWHQFH DQG SURSHUWLHV RI WKH VRODU VDLO SHULRGLF
RUELWV :KLOH SUHYLRXV ZRUN E\ WKH DXWKRUV DVVXPHG WKDW WKH HFOLSWLF DQG (DUWK0RRQ SODQHV FRLQFLGH DQG






ILGHOLW\ G\QDPLFDO PRGHO LQ 6HFWLRQ 9 7R GHVFULEH WKH VRODU VDLO G\QDPLFV WKH V\QRGLF UHIHUHQFH IUDPH
DSSHDULQJ LQ )LJXUH D LV XVHG DORQJ ZLWK WKH WUDGLWLRQDO V\VWHP RI FDQRQLFDO XQLWV ZKHUH WKH (DUWK0RRQ
GLVWDQFHWKHIUDPH¶VDQJXODUYHORFLW\Z DQGWKH(DUWK0RRQV\VWHPPDVVDUHQRUPDOL]HGWRXQLW\7KHQRQH
VLGHUHDO OXQDUPRQWK LVS  DQGZLWK WKHPDVV UDWLR    m m mP    WKH ORFDWLRQVRI WKH(DUWKDQG0RRQ
DORQJ WKH x D[LV EHFRPH P  DQG  P  UHVSHFWLYHO\)ROORZLQJ 5HIHUHQFH >@ WKH VRODU VDLO G\QDPLFV DUH
JRYHUQHGE\
  s U u  U Ȧ U D   
 
,Q (T  > @Tx y z U  LV WKH VRODU VDLO GLPHQVLRQOHVV SRVLWLRQ YHFWRU ZLWK UHVSHFW WR WKH (DUWK0RRQ
EDU\FHQWHU DQG ZLWK FRRUGLQDWHV LQ WKH V\QRGLF IUDPH RI )LJXUH D ÖZ Ȧ ]  LV WKH V\QRGLF IUDPH¶V DQJXODU
YHORFLW\ YHFWRU DQG   > @        UU x y rP P       LV WKH HIIHFWLYH SRWHQWLDO ZLWK WKH (DUWKVDLO DQG
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6  
ZLWK S:  WKH6XQ¶VGLPHQVLRQOHVVRUELWDODQJXODUUDWH[UDGVLQGLPHQVLRQDOIRUP t WKH
GLPHQVLRQOHVV WLPHDQG  z SR t:  WKHURWDWLRQPDWUL[DURXQG WKH z D[LVRYHUDQDQJOH St: 1RWH WKDW WKH
VPDOO RIIVHW EHWZHHQ WKH (DUWK0RRQ DQG HFOLSWLF SODQHV RI DSSUR[LPDWHO\  GHJ DV ZHOO DV WKH RUELWDO
HFFHQWULFLW\ RI ERWK WKH (DUWK DQG 0RRQ ZKLFK DOO KDYH DQ HIIHFW RQ WKH YDOXH IRU S:  LV QHJOHFWHG LQ WKLV
IRUPXODWLRQ +RZHYHU PRGHOV DFFRXQWLQJ IRU WKHVH HIIHFWV DUH SUHVHQWHG LQ 6HFWLRQ 9 ,W LV IXUWKHUPRUH
LPSRUWDQW WR QRWH WKDW WKLV SDSHU DGRSWV DQ LGHDO VRODU VDLO PRGHO ZKHUHE\ WKH VRODU SKRWRQV DUH VSHFXODUO\






















DFFHOHUDWLRQPDJQLWXGHDQGGLUHFWLRQ>@7KHUHIRUHZKHQQHJOHFWLQJ WKLV WDQJHQWLDOFRPSRQHQW WKHVRODUVDLO
LQGXFHGDFFHOHUDWLRQLVJLYHQE\
    (0 Ö Ö Ös a t D 6 Q Q  
,Q(TWKHPDJQLWXGHRIWKHDFFHOHUDWLRQ   (0 Ö Öa t 6 Q LVDVVXPHGWREHLQGHSHQGHQWRIWKHVDLO¶VORFDWLRQ
LQ WKH (DUWK0RRQ V\VWHP LH WKH 6XQVDLO GLVWDQFH LV DVVXPHG WR EH FRQVWDQW WKURXJKRXW WKH (DUWK0RRQ
V\VWHPDWDVWURQRPLFDOXQLW DX)XUWKHUPRUH WKH WHUP   Ö Öt 6 Q  DFFRXQWV IRU WKH VDLO¶V UHGXFHGHIIHFWLYH
DUHDDQGDFKLHYDEOHVRODUVDLOLQGXFHGDFFHOHUDWLRQZKHQSLWFKLQJWKHVDLODZD\IURPWKH6XQGLUHFWLRQ
,QWKLVLQYHVWLJDWLRQWZRGLIIHUHQWW\SHVRIVDLORULHQWDWLRQVZLOOEHFRQVLGHUHG7KHILUVWVFHQDULRLVD6XQ
IDFLQJ VWHHULQJ ODZ LQZKLFK WKH VDLORULHQWDWLRQ IROORZV WKHGLUHFWLRQRI VXQOLJKWRYHU WLPH H[SRVLQJ LWV IXOO
PHPEUDQHWRWKH6XQDWDOOWLPHVVHH)LJXUHD7KHVRODUVDLOQRUPDOYHFWRUwith respect to the Sun-vector SQ 
WKHQHTXDOV > @   TS  Q IURPZKLFKWKHVRODUVDLOQRUPDOYHFWRULQWKHV\QRGLFUHIHUHQFHIUDPHRI)LJXUH
DFDQEHUHWULHYHGWKURXJK  Ö Öz S SR t :Q Q UHGXFLQJ(TWR
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D Q 6  
1RWH WKDW IRU VXFK D 6XQIDFLQJ VWHHULQJ ODZ WKH WDQJHQWLDO IRUFH FRPSRQHQW RI PRUH UHDOLVWLF VRODU VDLO
UHIOHFWDQFHPRGHOVGRHVQRWSOD\DUROHEHFDXVH WKHHIIHFWRIQRQLGHDOSURSHUWLHVRI WKHVDLOZRXOGRQO\EHD
UHGXFWLRQ LQ WKH DFFHOHUDWLRQ PDJQLWXGH (0a  >@ 7KH VHFRQG VFHQDULR SLWFKHV WKH VDLO LQ WKH RXWRISODQH
GLUHFWLRQ DW DQ DQJOH J  ZLWK UHVSHFW WR WKH 6XQGLUHFWLRQ VHH )LJXUH E 7KH VRODU VDLO QRUPDO YHFWRU with 
respect to the Sun-vector SQ  WKHQ HTXDOV  > @   TS yR J Q  DJDLQ UHVXOWLQJ LQ D VRODU VDLO QRUPDO
YHFWRULQWKHV\QRGLFUHIHUHQFHIUDPHRI  Ö Öz S SR t :Q Q DQGUHGXFLQJ(TWR
        (0 (0 (0
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D Q  
 
ZKHUHWKHWHUP FRV J FRPHVIURPWKHWHUP   Ö Öt 6 Q LQ(T1RWHWKDWERWKVWHHULQJODZVLQ(TVDQG














OHDG WRSHULRGLFPRWLRQ)XUWKHUPRUH WKHHLJHQYDOXHVRI WKH VWDWH WUDQVLWLRQPDWUL[ VXSSO\ WKH OLQHDU VWDELOLW\
SURSHUWLHVRIWKHVHRUELWV+RZHYHUWKHGLIIHUHQWLDOFRUUHFWRUVFKHPHXVHGKHUHGLIIHUVIURPWKHRQHSUHVHQWHGLQ
5HIHUHQFH >@ LQ WZR DVSHFWV ILUVW DV WKH 6XQ GLUHFWLRQ  Ö t6  FRQWLQXRXVO\ FKDQJHV WKH V\VWHP LV WLPH
GHSHQGHQWDQGRUELWVDUHUHSHDWDEOHRYHUWLPHDQGWKXVSHULRGLFRQO\LIWKHSHULRGRIWKHRUELWFRLQFLGHVZLWK
WKH6XQ¶VRUELWDOPRWLRQDURXQGWKH(DUWK0RRQV\VWHP7KHSHULRGRIDQ\VRODUVDLOSHULRGLFRUELWLQWKH(DUWK
0RRQ V\VWHP WKXV QHHGV WR HTXDO   SS :  RU D PXOWLSOH WKHUHRI 7KH DXWKRUV KDYH SUHYLRXVO\ DGDSWHG WKH
GLIIHUHQWLDO FRUUHFWRU VFKHPH LQ 5HIHUHQFH >@ WR LQFOXGH D FRQVWUDLQW VXFK WKDW WKH SHULRG LV LQGHHG GULYHQ
WRZDUGV D YDOXH RI   SS : >@ 7KLV FRQVWUDLQW DOVR SURYLGHV DQ DGGLWLRQDO HTXDWLRQ WR VROYH IRU RQH RI WKH



















DQ\RI WKH LQLWLDO VWDWHV VRODU VDLO SHULRGLFRUELWV H[LVW LQ WKH (DUWK0RRQ V\VWHP )RUGHWDLOV RQ WKH DGDSWHG
GLIIHUHQWLDOFRUUHFWRUVFKHPHWKHUHDGHULVUHIHUUHGWR5HIHUHQFH>@
7R VHHG WKH GLIIHUHQWLDO FRUUHFWRU D FRQWLQXDWLRQ VFKHPH LV DSSOLHG ZKHUH D FODVVLFDO SHULRGLF RUELW LV
HPSOR\HGDVWKHLQLWLDOJXHVVIRUDYHU\VPDOOYDOXHIRUWKHVRODUVDLOFKDUDFWHULVWLFDFFHOHUDWLRQWKHUHVXOWRIWKDW
VLPXODWLRQLVXVHGDVLQLWLDOJXHVVIRUDVOLJKWO\ODUJHUVRODUVDLOFKDUDFWHULVWLFDFFHOHUDWLRQYDOXH%\FRQWLQXLQJ
WKLV SURFHVV XS WR D PD[LPXP YDOXH IRU WKH FKDUDFWHULVWLF DFFHOHUDWLRQ RI (0a   IDPLOLHV RI VRODU VDLO
SHULRGLFRUELWVLQWKH(DUWK0RRQV\VWHPDULVHIRULQFUHDVLQJVDLOSHUIRUPDQFH1RWHWKDWWKHSHULRGLFRUELWXVHG
LQWKHILUVWVWHSRIWKHFRQWLQXDWLRQVFKHPHLVFKRVHQIURPWKHIDPLO\RISHULRGLFRUELWVLQWKHFODVVLFDO&5%3
ZLWKWKHSHULRGFRLQFLGLQJZLWK   SS : RUDIUDFWLRQRILW
7ZRH[DPSOHIDPLOLHVDSSHDULQ)LJXUHDQG)LJXUHERWKZLOOEHH[SORLWHGIRUKLJKODWLWXGHREVHUYDWLRQ
RIWKH(DUWKDQGWKH0RRQ7KHIDPLO\DSSHDULQJLQ)LJXUHLVFRLQHGWKHIDPLO\RIFORYHUVKDSHGRUELWVDIWHU
WKHVKDSHRILWVSURMHFWLRQRQWRWKH  x y SODQH7KHVHRUELWVHPSOR\WKHVWHHULQJODZLQ(TDQGRULJLQDWH
YLDWKHFRQWLQXDWLRQRQWKHYDOXHIRU (0a LQGLFDWHGE\WKHJUD\VFDOHLQ)LJXUHDGVWDUWLQJIURPDFODVVLFDO
KLJKO\HOOLSWLFDO(DUWKFHQWHUHGRUELWZLWKDSHULRGRIKDOIWKHV\QRGLFOXQDUPRQWK$VWKLVFODVVLFDORUELWSDVVHV
WKURXJK WKH (DUWK VHH )LJXUH F LW LV RI QR SUDFWLFDO XVH KRZHYHU DGGLQJ D VRODU VDLO LQGXFHG DFFHOHUDWLRQ
PRYHVWKLVRUELWDZD\IURPWKH(DUWK¶VFHQWHU3HULRGLFVWUXFWXUHLVFOHDUO\DSSDUHQWLQWKHVKDSHRIWKHVHRUELWV
DVREVHUYHGLQD6XQ(DUWKV\QRGLF³6(V\QRGLF´UHIHUHQFHIUDPHZKHUHWKH x D[LVUHPDLQVDORQJWKH6XQ
(DUWK OLQH WKH z D[LV LVSHUSHQGLFXODU WR WKH(DUWK0RRQRUELWDO SODQH DQG WKH y D[LV FRPSOHWHV WKH ULJKW





$ SORW RI WKH VWDELOLW\ RI WKH FORYHUVKDSHG RUELW IDPLO\ DV D IXQFWLRQ RI WKH FKDUDFWHULVWLF DFFHOHUDWLRQ
DSSHDUVLQ)LJXUHHDQGLVUHSUHVHQWHGE\WKHYDOXHRIWKHODUJHVWHLJHQYDOXH PD[O RIWKHPRQRGURP\PDWUL[
$Q RUELW LV FRQVLGHUHG WR EH VWDEOH LI DOO VL[ HLJHQYDOXHV OLH RQ WKH XQLW FLUFOH LQ WKH FRPSOH[ SODQH LH
 
PD[O  ,IWKHQRUPRIDQ\RIWKHHLJHQYDOXHVLVODUJHUWKDQRQHWKHRUELWLVXQVWDEOHZLWKODUJHUQRUPYDOXHV
LQGLFDWLQJ JUHDWHU LQVWDELOLW\ )LJXUH H LQGLFDWHV WKDW IRU WKH VRODU VDLO FKDUDFWHULVWLF DFFHOHUDWLRQ PDJQLWXGHV
















7KLVIDPLO\HPSOR\VWKHVWHHULQJODZLQ(TZLWK J  GHJLQDFRQWLQXDWLRQLQ (0a VWDUWLQJIURPD
FODVVLFDO YHUWLFDO /\DSXQRY RUELW  (0a   ZLWK D SHULRG RI WZRWKLUGV RI WKH V\QRGLF OXQDU PRQWK DQG
LQFUHDVLQJ WKH VRODU VDLO FKDUDFWHULVWLF DFFHOHUDWLRQ WR D PD[LPXP YDOXH RI (0a   7KH YDOXH IRU J  RI
GHJ LV VHOHFWHGEHFDXVH LW JLYHV WKH PD[LPXP RXWRISODQH DFFHOHUDWLRQ FRPSRQHQW >@ DQG WKH PLQXV
VLJQ HQVXUHV WKDW WKH DFFHOHUDWLRQ LV GLUHFWHG EHORZ WKH (DUWK0RRQ SODQH ZKLFK LV LPSRUWDQW ZKHQ
LQYHVWLJDWLQJWKHVHRUELWVIRUFRYHUDJHRIWKHVRXWKHUQKHPLVSKHUHRIWKH0RRQVHH6HFWLRQ,9%7KURXJKWKH
XVHRI WKLVVWHHULQJ ODZ WKHRUELWVDUHVOLJKWO\GLVSODFHG LQWKHRXWRISODQHGLUHFWLRQSXOOLQJ WKHPEHORZWKH
OXQDU6RXWK3ROH$OWKRXJKDOOVRODUVDLOYHUWLFDO/\DSXQRYRUELWVDUHKLJKO\XQVWDEOHVHH)LJXUHJWKHVRODU
VDLO GRHV KDYH D VPDOO VWDELOL]LQJ HIIHFW DV WKH PD[LPXP HLJHQYDOXH QRUP GHFUHDVHV XS WR DQ RUGHU RI
PDJQLWXGHIRULQFUHDVLQJYDOXHVIRU (0a 1RWHWKDWWKHVWDELOLW\RIWKHVHRUELWVPD\EHIXUWKHULPSURYHGE\
HPSOR\LQJ WKH VDLO WR FRUUHFW DQG FRQWURO IRU RUELWDO HUURUV DQG SHUWXUEDWLRQV )LQDOO\ QRWH WKDW EHFDXVH WKH










































$VXEVHWRI WKHRUELWV SUHVHQWHG LQ)LJXUH DQG)LJXUH FDQ DFKLHYHQHDUFRQWLQXRXVREVHUYDWLRQRI WKH
KLJKODWLWXGHVRIWKH(DUWKDQGWKH0RRQ7KLVLVGHPRQVWUDWHGE\FRPSXWLQJWKHVSDFHFUDIW¶VHOHYDWLRQ H RYHU
WLPHDWGLIIHUHQWORFDWLRQVRQWKH(DUWKRUWKH0RRQ7KHPHWULFXVHGLVWKHDPRXQWRIWLPHWKDWWKHVSDFHFUDIWLV
DERYHDPLQLPXPHOHYDWLRQ OLPH Ht DQGLVH[SUHVVHGDVWKHSHUFHQWDJHFRYHUDJHLHWKHSHUFHQWDJHRIWLPH
RYHUDIXOORUELWDOSHULRGRUDIXOO\HDUWKDWWKHFRQGLWLRQ OLPH Ht LVVDWLVILHGDWDSDUWLFXODUORFDWLRQRUODWLWXGHRI
WKH(DUWKRU WKH0RRQ1RWH WKDW WKHFRQGLWLRQ OLPH Ht PXVWEHHYDOXDWHGRYHUD IXOO\HDU IRU WKHXVHRI WKH













>@ VRODU VDLO GLVSODFHG HTXLOLEULD >@ DQG HLJKWVKDSHG RUELWV >@ LQ WKH 6XQ(DUWK V\VWHP DOO SURYLGLQJ
GLIIHUHQW WUDGHRIIV EHWZHHQ UHVROXWLRQ RI WKH REVHUYDWLRQV LH GLVWDQFH IURP (DUWK QXPEHU RI VSDFHFUDIW
UHTXLUHGIRUFRQWLQXRXVFRYHUDJHDQGUHTXLUHGSURSXOVLRQWHFKQRORJ\LIDQ\7KHFXUUHQWZRUNFRPSOHPHQWV
WKHVHFRQFHSWVZLWKWKHFDSDELOLWLHVSURYLGHGE\WKHFORYHUVKDSHGRUELWVDSSHDULQJLQ)LJXUH7KHVHRUELWVDUH
FORVHU WR (DUWK WKDQ SUHYLRXVO\ SURSRVHG VRODU VDLO FRQFHSWV VXFK DV WKH SROHVLWWHU RUELWV DQG GLVSODFHG
HTXLOLEULDDQGUHTXLUHIHZHUVDWHOOLWHVIRUFRQWLQXRXVFRYHUDJHWKDQFRQVWHOODWLRQVLQORZDOWLWXGHRUELWV





ZKHUH RQH RI WKH RUELWV µRUELW ¶ LV PLUURUHG LQ WKH  x y SODQH 7R GHWHUPLQH ZKLFK FRQVWHOODWLRQ ZRXOG
SHUIRUPEHVWDJULGVHDUFKLVSHUIRUPHGRYHUDFRPELQDWLRQRIFKDUDFWHULVWLFDFFHOHUDWLRQVIRUHDFKRIWKHRUELWV
ZLWK > @(0  a  " )RUHDFKFRQVWHOODWLRQLHIRUHDFKFRPELQDWLRQRI (0a RIRUELWDQG (0a 
RIRUELWWKHWHPSRUDOFRYHUDJHZLWKDPLQLPXPHOHYDWLRQDQJOHRI OLPH  GHJLVFRPSXWHGDWIRXUORFDWLRQV
RQ (DUWK WKH1RUWK 3ROH WKH 6RXWK 3ROHV WKH $UFWLF FLUFOH ODWLWXGH EDQGRIGHJ DQG WKH  GHJ
ODWLWXGHEDQGWKHODWWHUEDQGVHPSOR\DQDYHUDJHRYHUDGHJPHVKLQORQJLWXGH7KHYDOXHIRU OLPH RIGHJ
UHIOHFWV WKH HOHYDWLRQ RI D JHRVWDWLRQDU\ VSDFHFUDIW DW D ODWLWXGH RI  GHJ DERYH ZKLFK WKH DFFHVVLELOLW\ RI
JHRVWDWLRQDU\ VSDFHFUDIW IRU (DUWK REVHUYDWLRQ DSSOLFDWLRQV LV QRW DVVXUHG 7KH UHVXOWV RI WKH JULG VHDUFK DUH
SUHVHQWHGLQ)LJXUH7KHKRUL]RQWDODQGYHUWLFDOD[HVVKRZWKHGLPHQVLRQOHVVDFFHOHUDWLRQRI WKHVDLOFUDIW LQ
WKHWZRRUELWVZKHUHDPLQLPXPYDOXHRI (0a ! LVFRQVLGHUHGWRHQVXUHDPLQLPXPDOWLWXGHDERYHWKH
(DUWKRINP7KHJUD\VFDOH LQGLFDWHV WKHSHUFHQWDJHRI WLPHGXULQJDIXOO\HDU WKDW WKHVSDFHFUDIW LV LQ
YLHZRIHLWKHURIWKHIRXUORFDWLRQVDWWKHSUHYLRXVO\PHQWLRQHGPLQLPXPHOHYDWLRQRI OLPH  GHJ
%DVHGRQWKHQHHGIRUFRQWLQXRXVFRYHUDJHRIWKHKLJKODWLWXGHVRIWKH(DUWKWZRFRQVWHOODWLRQVDUHVHOHFWHG
IURPWKHUHVXOWVLQ)LJXUH)LUVWµFRQVWHOODWLRQ¶SURYLGHVWKHEHVWFRYHUDJHRIWKHKLJKODWLWXGHVRIRQHRIWKH
KHPLVSKHUHV ZLWK  SHUFHQW WHPSRUDO FRYHUDJH RI WKH 1RUWK 3ROH VHH 7DEOH  7KLV FRQVWHOODWLRQ XVHV
FKDUDFWHULVWLFDFFHOHUDWLRQVRI (0a  IRURUELWDQG (0a  IRURUELW,IVRPHUHGXFWLRQLQFRYHUDJH
LVDOORZHGDVHFRQGFRQVWHOODWLRQFDQEHGHILQHG WKDWSURYLGHV WKHEHVWRYHUDOO WHPSRUDOFRYHUDJHRI WKHKLJK
ODWLWXGHVRIERWKKHPLVSKHUHVµFRQVWHOODWLRQ¶ZLWKERWKRUELWV (0a  RQO\PLUURUHGLQWKH(DUWK0RRQ
SODQH ,Q WKLV FDVH WKH WHPSRUDO FRYHUDJH RI WKH 1RUWK DQG 6RXWK 3ROHV UHGXFHV WR  SHUFHQW 1RWH WKDW
GHVSLWH WKH GHFUHDVH LQ WHPSRUDO FRYHUDJH WKH ODWWHU FRQVWHOODWLRQ PD\ VWLOO EH RI LQWHUHVW DV LW DOORZV
VLPXOWDQHRXV VXSSRUW RI ERWK VKLSSLQJ DFWLYLWLHV LQ WKH $UFWLF UHJLRQ DQG RQJRLQJ UHVHDUFK DFWLYLWLHV RQ
$QWDUFWLFD )XUWKHUPRUH WKH WZR SRODU UHJLRQV GR QRW UHVSRQG HTXDOO\ WR FKDQJHV LQ WKH VRODU ZLQG DQG
REVHUYDWLRQRIERWKWKHDXURUDERUHDOLVDQGDXURUDDXVWUDOLVZLOOJLYHLQVLJKWVLQLQWHUKHPLVSKHULFDV\PPHWULHVLQ

























7KHILUVWFRQVWHOODWLRQZLWK (0a  IRURUELWDQG (0a  IRURUELWWKDWSURYLGHVQHDUFRQWLQXRXV
FRYHUDJH  SHUFHQW VHH7DEOHRI WKH 1RUWK 3ROH RUZKHQ PLUURUHG LQ WKH  x y SODQH RI WKH 6RXWK
3ROHDSSHDUVLQ)LJXUHDZLWKLWVFRYHUDJHRIWKH1RUWKDQG6RXWK3ROHVLQWHUPVRIHOHYDWLRQDQJOHRYHUWLPH




WKH SUHYLRXVO\ SURSRVHG 3RODU &RPPXQLFDWLRQV DQG :HDWKHU 3&: PLVVLRQ DW WKH 1RUWK 3ROH DQG  GHJ
ODWLWXGH >@ 7KH FRYHUDJH RYHU ORZHU ODWLWXGHV LV DOVR SURYLGHG LQ 7DEOH  ZLWK PRUH GHWDLOV DSSHDULQJ LQ
)LJXUH  )LJXUH D LOOXVWUDWHV WKH WRWDO XVHIXO REVHUYDWLRQ WLPH RYHU WKH ILUVW RUELWDO SHULRG :KHUH WKH OLQHV
IODWWHQ QHLWKHU RI WKH WZR VSDFHFUDIW LV LQ YLHZ RI WKH ORFDWLRQ RU ODWLWXGH XQGHU FRQVLGHUDWLRQ 7KH DFWXDO
REVHUYDWLRQ WLPH FDQ WKHQ EH WUDQVODWHG LQWR D SHUFHQWDJH FRYHUDJH VHH )LJXUH E 7KLV SHUFHQWDJH VWDUWV DW
SHUFHQWEHFDXVHDW WKH LQLWLDO WLPH WKH VDLOFUDIW DUH DVVXPHG WREHDW WKHLUPRVWRXWRISODQHSRVLWLRQ VHH
)LJXUH D DQG IURP WKLV SRVLWLRQ DOO IRXU ORFDWLRQV FRQVLGHUHG LQ )LJXUH  DUH LQ YLHZ RI RQH RI WKH WZR
VSDFHFUDIW 2YHU WLPH WKH SHUFHQWDJH GHFUHDVHV DQG RVFLOODWHV EXW DIWHU RQH \HDU FRQYHUJHV WR WKH YDOXH DV
GHSLFWHGLQ)LJXUHEZKLFKXVHVDPHVKRIGHJLQORQJLWXGHDQGODWLWXGH)LQDOO\)LJXUHFSURYLGHVIRUWKH
1RUWK 3ROH RQO\ LQIRUPDWLRQ DERXW WKH DOWLWXGH DQG VSDWLDO UHVROXWLRQ IURP WKH FRQVWHOODWLRQ 7KH VSDWLDO
UHVROXWLRQLVFRPSXWHGDVVXPLQJDQDGLUSRLQWLQJSD\ORDGDQGWKDWWKHUHVROXWLRQLVOLPLWHGE\GLIIUDFWLRQRQO\
8QGHU WKRVHDVVXPSWLRQV WKHUHVROXWLRQ LVD IXQFWLRQRI WKHREVHUYDEOHZDYHOHQJWK LPDJHUDSHUWXUHGLDPHWHU
DQGRUELWDOWLWXGHRQO\DQGVFDOHVOLQHDUO\ZLWKWKHVHSDUDPHWHUV%HFDXVHWKHGLIIHUHQFHLQRUELWDOWLWXGHEHWZHHQ
WKHIRXUGLIIHUHQWORFDWLRQVODWLWXGHVRI)LJXUHDDQGELVYHU\VPDOOWKHUHVXOWVIRUWKH1RUWK3ROHDVLQ)LJXUH






SUHVHQWHG LQ )LJXUH F WKH (3,& FDPHUD RQERDUG WKH 12$$1$6$ '6&295 PLVVLRQ VHUYHV DV D JRRG
H[DPSOH$WDSSUR[LPDWHO\0NPIURPWKH(DUWKWKLVLPDJHUHQDEOHVDWKHRUHWLFDOUHVROXWLRQRINPZLWKDQ































RQO\SHUFHQW VHH7DEOH7KHUHIRUHFRQVWHOODWLRQ LVSURSRVHGDV DQDOWHUQDWLYH VHH)LJXUHZKLFK
FRQVLVWV RI D PLUURUHG FRQVWHOODWLRQ RI WZR FORYHUVKDSHG RUELWV ERWK ZLWK (0a   $JDLQ DVVXPLQJ








































KXPDQ EDVH WKH OXQDU 6RXWK 3ROH LQ SDUWLFXODU WKH ULP RI WKH 6KDFNOHWRQ FUDWHU 6 : LV RIWHQ
PHQWLRQHG DV DSRWHQWLDO ORFDWLRQ DV LW LV DQ DUHDRIQHDUSHUPDQHQW VXQOLJKWSURYLGLQJ DFFHVV WRSRZHU DQG
ZDWHU LFH PD\ EH SUHVHQW LQ WKH FRQWLQXRXVO\ VKDGHG DUHDV RI WKH FUDWHU LQWHULRU >@ )RU VXSSRUW RI WKH
RFFXSDQWVRI WKHEDVHDFRQWLQXRXVFRPPXQLFDWLRQ OLQNZLWK(DUWKZLOOEHHVVHQWLDOZKLFK LVQRWJXDUDQWHHG
IURPWKH6RXWK3ROH7UDGLWLRQDOO\QDWXUDOKDORRUELWVDW WKH/SRLQWDUHSURSRVHG WR WKLVHQG>@EXWD
VLQJOH VSDFHFUDIW FDQQRW SURYLGH VXIILFLHQW FRYHUDJH 6WXGLHV KDYH WKHUHIRUH EHHQ FRQGXFWHG WR XVH D
FRPELQDWLRQRIKDORYHUWLFDODQGEXWWHUIO\IDPLOLHVDW WKH(DUWK0RRQ/DQG/SRLQWV VKRZLQJ WKDWVHYHUDO
FRPELQDWLRQVRIWZRRIWKHVHRUELWVFDQDFKLHYHFRQWLQXRXVFRYHUDJHRIWKH6RXWK3ROH>@2WKHUVWXGLHVKDYH
LQYHVWLJDWHGWKHXVHRIDVRODUVDLOWRPDLQWDLQDQRQ.HSOHULDQRUELWEHORZWKH6RXWK3ROHWRDFKLHYHFRQWLQXRXV
FRYHUDJH DQG OLQHRIVLJKW ZLWK WKH (DUWK ZLWK D VLQJOH VSDFHFUDIW >@ :KLOH DOO WKHVH VWXGLHV IRFXV RQ
FRYHUDJH RI WKH 6RXWK 3ROH RQO\ WKH VRODU VDLO YHUWLFDO /\DSXQRY RUELWV RI )LJXUH  ZLOO EH LQYHVWLJDWHG IRU
FRQWLQXRXV FRYHUDJH RI ERWK WKH OXQDU 6RXWK 3ROH and WKH FHQWHU RI WKH 6RXWK 3ROH $LWNHQ %DVLQ KHUHDIWHU
UHIHUUHG WRDV$LWNHQ%DVLQ IRUEUHYLW\)XUWKHUPRUH FRPSDUHG WR WKH VRODU VDLO WUDMHFWRULHVEHORZ WKH6RXWK
3ROHSUHVHQWHGLQ5HIHUHQFHV>@ZKLFKXVHDQRSWLPDOVWHHULQJODZWKHRUELWVLQ)LJXUHJUHDWO\VLPSOLI\
WKHVWHHULQJRIWKHVDLOWKURXJKWKHDVVXPHGIL[HGVRODUVDLODWWLWXGHZLWKUHVSHFWWRWKH6XQ)XWXUHLQYHVWLJDWLRQV
PD\SURYLGHDIXUWKHU WUDGHRIIEHWZHHQWKHVHGLIIHUHQWFRQFHSWV LQ WHUPVRIDOWLWXGHHOHYDWLRQDQJOHVDQGVR
RQ
7RGHWHUPLQHZKLFKFRQVWHOODWLRQRIYHUWLFDO/\DSXQRYRUELWVZRXOGSHUIRUPEHVWIRUFRQWLQXRXVFRYHUDJHRI
WKH OXQDU 6RXWK 3ROH DQG WKH FHQWHU RI WKH $LWNHQ %DVLQ D JULG VHDUFK LV SHUIRUPHG RYHU D FRPELQDWLRQ RI
FKDUDFWHULVWLFDFFHOHUDWLRQVIRUHDFKRIWKHRUELWVZKHUHWKHVSDFHFUDIWDUHSKDVHGKDOIDSHULRGDSDUWVXFKWKDW





VSDFHFUDIW VWDUWV DW WKH RWKHU WLS RI WKH RUELW EHORZ WKH (DUWK0RRQ SODQH )LJXUH D DQG E VKRZV WKH EHVW
SHUIRUPLQJ FRQVWHOODWLRQ ZKLFK FRQVLVWV RI WZR RUELWV ERWK ZLWK (0a   DQG J   ,Q WKLV FDVH D
PLQLPXP HOHYDWLRQ RI OLPH   GHJ LV DVVXPHG LQ FRPSOLDQFH ZLWK 5HIHUHQFHV >  @ 7KH HOHYDWLRQ
SURILOHVLQ)LJXUHFDQGGWKHQVKRZWKDWWKHFRQVWHOODWLRQLQVXESORWDFDQDFKLHYHFRQWLQXRXVFRYHUDJHRI




GXH WR WKH UHODWLYHO\KLJK DOWLWXGHRI WKHRUELWV)LQDOO\ QRWH WKDW SORWV VXFK DV WKRVHSURYLGHG IRU WKH(DUWK













7KH FRQVWHOODWLRQV RI RUELWV LQ WKH SUHYLRXV VHFWLRQ ZHUH GHVLJQHG ZLWKLQ WKH IUDPHZRUN RI WKH FLUFXODU
UHVWULFWHGWKUHHERG\SUREOHPQHJOHFWLQJWKHJUDYLWDWLRQDODWWUDFWLRQRIWKH6XQWKHRIIVHWEHWZHHQWKHHFOLSWLF
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ZLWK   S E Mm m mP    u ZKHUH Sm  Em DQG Mm DUHWKHPDVVHVRIWKH6XQ(DUWKDQG0RRQ










7KHRIIVHWEHWZHHQWKHHFOLSWLFDQGWKH(DUWK0RRQSODQHVRI i  GHJFDQEHPRGHOOHGWKURXJKDQHZ
GHILQLWLRQIRUWKH6XQYHFWRU Ö6 VHH)LJXUHE
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6  
(TXDWLRQDVVXPHVWKDWDWWKHVWDUWRIWKHRUELWDODQDO\VHVDWWLPH t  WKH(DUWK0RRQV\VWHPLVDWDFHUWDLQ
WUXHDQRPDO\ E ET T LQLWVKHOLRFHQWULFRUELWDQGWKDWWKHVXQOLJKWYHFWRU Ö6 SRLQWVDORQJWKH x D[LVRIWKH
V\QRGLFUHIHUHQFHIUDPH7KHQ WKUHHURWDWLRQVDUHDSSOLHG WKHILUVWURWDWLRQ  z E ER T T DURXQGWKH z D[LV
RYHUDQDQJOH E ET T DFFRXQWVIRUWKHRUELWDOPRWLRQRIWKH(DUWK0RRQV\VWHPDURXQGWKH6XQWKHVHFRQG
URWDWLRQ  yR i  DFFRXQWV IRU WKH RIIVHW EHWZHHQ WKH HFOLSWLF DQG (DUWK0RRQ SODQHV DQG WKH ILQDO URWDWLRQ
 zR T DFFRXQWVIRUWKHURWDWLRQRIWKH Ö6 YHFWRUGXHWRWKHRUELWDOPRWLRQRIWKH(DUWKDQG0RRQDURXQGHDFK
RWKHU ZLWK T  WKH WUXH DQRPDO\ RI WKH 0RRQ LQ LWV RUELW DURXQG WKH (DUWK 1RWH WKDW WKH FRPELQDWLRQ RI WKH






DFFHOHUDWLRQWKHDWWLWXGHwith respect to the Sun-direction Ö SQ LVNHSWFRQVWDQWVXFKWKDWWKHQRUPDOYHFWRUZLWK
UHVSHFWWRWKHV\QRGLFIUDPHLQ(TLVJLYHQE\
 Ö Ötot SR Q Q  
:KHQDJDLQDVVXPLQJ]HURHFFHQWULFLWLHVRI WKH(DUWKDQGWKH0RRQ WKH&DUWHVLDQFRPSRQHQWVRI WKHXQLW










7KHHFFHQWULFLW\RIWKH(DUWK Ee  LQWURGXFHVDFKDQJHWRWKH6XQ¶VSRVLWLRQYHFWRU   ÖU  U 6 VHH
)LJXUHZLWK Ö6 IURP(TDVWKHPDJQLWXGHRIWKLVYHFWRULVQRORQJHUFRQVWDQWDWDXEXWYDULHVDFFRUGLQJ
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,Q RUGHU WR ILQG VRODU VDLO RUELWV LQ FORVH SUR[LPLW\ WR WKH SHULRGLF RUELWV RI 6HFWLRQ 9$ EXW ZLWKLQ WKH
G\QDPLFDOIUDPHZRUNRI(TDPXOWLSOHVKRRWLQJGLIIHUHQWLDOFRUUHFWLRQ06'&VFKHPHLVLPSOHPHQWHG
VLPLODU WR WKHZRUNV LQ5HIHUHQFHV >@06'&GLYLGHVDQ LQLWLDOJXHVVRI WKH WUDMHFWRU\ LQWRVHJPHQWVE\
GHILQLQJSDWFKSRLQWVDWDSSURSULDWHORFDWLRQV+HUHWKHRUELWVLQWKHFLUFXODU UHVWULFWHGWKUHHERG\SUREOHPDUH
XVHGDV LQLWLDOJXHVVDQGDFRQWLQXDWLRQ VFKHPH LV DSSOLHG WR VORZO\ LQWURGXFH WKHKLJKHU ILGHOLW\PRGHO7KH
DGYDQWDJHRIVWDUWLQJIURPDQRUELWZLWKDVVRFLDWHGWLPHYHFWRUWKDWH[LVWVIRU]HUROXQDUHFFHQWULFLW\ e  LV
WKDW WKH 0RRQ¶V WUXH DQRPDO\ LV HTXDO WR WKH GLPHQVLRQOHVV WLPH 7KLV HOLPLQDWHV WKH WUDQVIRUPDWLRQ RI WKH
YHORFLW\ DQG DFFHOHUDWLRQ VWDWHV IURP WLPH XQLWV WR DQJOH XQLWV 2QFH WKH LQLWLDO JXHVV KDV EHHQ GLYLGHG LQWR
VHJPHQWVWZRGLIIHUHQWLDOFRUUHFWLRQµOHYHOV¶DUHDSSOLHG>@WKHILUVWOHYHODGMXVWVWKHYHORFLWLHVDWHDFKSDWFK
SRLQWDORQJWKHWUDMHFWRU\XVLQJDVLQJOHVKRRWLQJGLIIHUHQWLDOFRUUHFWRU7KHUHVXOWLVDFRQWLQXRXVWUDMHFWRU\WKDW
PXVW SHUIRUP D V'  DW HDFK SDWFK SRLQW LQ RUGHU WR IROORZ WKH WUDMHFWRU\ 7KH VHFRQG OHYHO WKHQ DGMXVWV WKH
SRVLWLRQV DQGHSRFKV DW HDFK SDWFKSRLQWXVLQJ D OHDVWVTXDUHV PHWKRG LQ D ZD\ WKDW WKH WRWDO V'  DORQJ WKH
WUDMHFWRU\ LVPLQLPL]HG7KHUHVXOWRI WKH06'&VFKHPH LVD WUDMHFWRU\ WKDWKROGVXQGHU WKHG\QDPLFVRI(T





7KH UHVXOWV RI WKH KLJKILGHOLW\ DQDO\VHV IRU WKH RUELWV XVHG LQ WKH FORYHUVKDSHG FRQVWHOODWLRQV LQ 6HFWLRQ
,9$ DSSHDU LQ )LJXUH  DQG )LJXUH  ZKHUH WKH VXESORWV LQFUHDVH WKH ILGHOLW\ RI WKH G\QDPLFV RQH
SHUWXUEDWLRQ DW D WLPH 1RWH WKDW )LJXUH  DQG )LJXUH  VKRZ WKH HIIHFW RQ WKH FORYHUVKDSHG RUELWV ZLWK
(0a  VHHWKHEODFNRUELWLQ)LJXUHDDQG (0a  WKHJUD\RUELWLQ)LJXUHDEXWPLUURUHGLQWKH
 x y SODQH ,Q VXESORWV D RQO\ WKH VRODU JUDYLW\ LV FRQVLGHUHG DQG LV DGGHG WR WKH G\QDPLFV WKURXJK D
FRQWLQXDWLRQRQWKHYDOXHIRU P VWDUWLQJIURPWKHXQSHUWXUEHGRUELWVVKRZQE\EODFNOLQHVWKURXJKRXW)LJXUH
DQG)LJXUH1RWHWKDWIRUQRZWKHSODQHRIIVHWLVQRWWDNHQLQWRDFFRXQWZKLFKPHDQVWKDWSHULRGLFLW\RI
WKH RUELWV LV PDLQWDLQHG 7KH HIIHFW RI WKH VRODU JUDYLW\ RQ WKH RUELW LV UHODWLYHO\ VPDOO ZKLFK LV TXDQWLILHG
 
WKURXJKWKHGLIIHUHQFHLQ(DUWKVDLOYHFWRUPDJQLWXGHLQWKHWRSOHIWSORWVLQ)LJXUHDDQGEZKHUH r DQG r 
DUHWKH(DUWKVDLOGLVWDQFHVIRUWKHSHUWXUEHGDQGXQSHUWXUEHGRUELWVUHVSHFWLYHO\
7KHQH[WSHUWXUEDWLRQDGGHGLVWKHRIIVHWEHWZHHQWKH(DUWK0RRQDQGHFOLSWLFSODQHV7KHFRPELQHGHIIHFW
RI WKHVRODUJUDYLW\DQGSODQHRIIVHW LVVKRZQLQVXESORWERI)LJXUHDQG)LJXUHZLWK WKHGLIIHUHQFH LQ
(DUWKVDLOGLVWDQFHV LQ WKH WRS ULJKWSORWVRI)LJXUHDDQGE7KHVHDUH WKH UHVXOWVRI WKH06'&VFKHPHRI
6HFWLRQ9)FRQGXFWHGRYHUD WLPHIUDPHRIRQH\HDU LH DSSUR[LPDWHO\ UHYROXWLRQV LQ WKHFORYHUVKDSHG
RUELWV DQG E\ HPSOR\LQJ D FRQWLQXDWLRQ RQ WKH YDOXH IRU P  DQG i  VLPXOWDQHRXVO\ DJDLQ VWDUWLQJ IURP WKH
XQSHUWXUEHG RUELWV :KHQ DOVR DGGLQJ WKH (DUWK¶V HFFHQWULFLW\ WR WKH G\QDPLFV WKURXJK D VLPXOWDQHRXV
FRQWLQXDWLRQRQ P  i DQG Ee WKHUHVXOWVLQVXESORWFRI)LJXUHDQG)LJXUHDQGWKHERWWRPOHIWSORWVLQ
)LJXUHDDQGEDUHREWDLQHG:KLOHWKHLQFOLQDWLRQEHWZHHQWKH(DUWK0RRQDQGHFOLSWLFSODQHVVLJQLILFDQWO\
SHUWXUEVWKHRUELWWKH(DUWK¶VHFFHQWULFLW\GRHVQRWSHUWXUEWKHRUELWVPXFKIXUWKHU)LQDOO\WKHHFFHQWULFLW\RI
WKH0RRQLVDGGHGWRWKHG\QDPLFVDQGUHVXOWVDUHFUHDWHGWKURXJKDVLPXOWDQHRXVFRQWLQXDWLRQRQ P  i  Ee 
DQG e ZLWKWKHUHVXOWLQVXESORWVGRI)LJXUHDQG)LJXUHDQGWKHERWWRPULJKWSORWVLQ)LJXUHDDQGE
1RWHWKDWWKHRUELWDOSORWVLQ)LJXUHGDQG)LJXUHGDUHSURYLGHGLQWKHV\QRGLFUHIHUHQFHIUDPHZKHUHWKH





































































































&5%3 +LJKILGHOLW\ &5%3 +LJKILGHOLW\
1RUWK3ROH    
6RXWK3ROH    
$UFWLFFLUFOH    
GHJ    

&RQGXFWLQJVLPLODUDQDO\VHVIRU WKHYHUWLFDO/\DSXQRYRUELWVRI WKHFRQVWHOODWLRQLQ6HFWLRQ,9%SURYLGHV
WKH UHVXOWV LQ )LJXUH  DQG )LJXUH F DJDLQ DGGLQJ RQH SHUWXUEDWLRQ DW D WLPH WR WKH G\QDPLFV 1RWH WKDW
)LJXUHFQRZVKRZVWKHGLIIHUHQFHLQ0RRQVDLOGLVWDQFHZKHUH r DQG r DUHWKH0RRQVDLOGLVWDQFHVIRU
WKHSHUWXUEHGDQGXQSHUWXUEHGRUELWV UHVSHFWLYHO\&RPSDUHG WR WKHHIIHFWRI WKHSHUWXUEDWLRQVRQ WKHFORYHU
VKDSHG RUELWV WKH VRODU JUDYLW\ DSSHDUV WRKDYH DELJJHU HIIHFW RQ WKHYHUWLFDO /\DSXQRY RUELWVZKLFK VHHPV
SDUWLDOO\FRUUHFWHGE\WKHRIIVHWEHWZHHQWKH(DUWK0RRQDQGHFOLSWLFSODQHV7KH(DUWK¶VHFFHQWULFLW\RQFHDJDLQ
KDVRQO\DPLQRUHIIHFWZKLOHWKHOXQDUHFFHQWULFLW\KDVDPXFKJUHDWHUHIIHFWGXHWRWKHFORVHSUR[LPLW\RIWKH
YHUWLFDO /\DSXQRY RUELWV WR WKH 0RRQ +RZHYHU WKH FRQVWHOODWLRQ DOZD\V UHPDLQV DERYH DQ DOWLWXGH RI
NP




















































































































$FRQVWHOODWLRQRI WZRFORYHUVKDSHGRUELWV KDVEHHQSURSRVHGPRGHOHG LQ WKH IUDPHZRUNRI WKH FLUFXODU
UHVWULFWHGWKUHHERG\SUREOHP&5%3WRDFKLHYHQHDUFRQWLQXRXVFRYHUDJHRIWKH1RUWKRU6RXWK3ROH
SHUFHQWRI WKHWLPHDWDPLQLPXPHOHYDWLRQRI OLPH  GHJDQGFRQWLQXRXVFRYHUDJHRIRQHRI WKH3ROHVIRU
OLPH  GHJ$QDOWHUQDWLYHFRQVWHOODWLRQRIWZRFORYHUVKDSHGRUELWVDFKLHYHVSHUFHQWWHPSRUDOFRYHUDJH
RIboth 3ROHV DW OLPH   GHJ SHUFHQW IRU OLPH  GHJ8QGHUKLJKHUILGHOLW\ PRGHOV WKDW LQFOXGH WKH





$OVR D FRQVWHOODWLRQ RI WZR / YHUWLFDO /\DSXQRY RUELWV LQ WKH (DUWK0RRQ V\VWHP KDV EHHQ SURSRVHG WR
HVWDEOLVKDVLPXOWDQHRXVDQGFRQWLQXRXVREVHUYDWLRQOLQNZLWKWKHOXQDU6RXWK3ROHDQGWKHFHQWHURIWKH$LWNHQ
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